Contrast-enhanced ultrasound (CEUS) is an emerging technology with no known nephrotoxicity. CEUS has been utilized in cardiac and abdominal imaging for decades in Asia and Europe and has recently received greater attention in the United States with its approval for characterization of indeterminate liver lesions. Emerging data suggest that CEUS has potential as a diagnostic imaging tool among individuals who have contraindications to CT and MRI. Few nephrologists are aware of CEUS and even fewer are aware of its potential applications among individuals with kidney disease. This review introduces CEUS to the nephrology community and provides a basic overview of CEUS technology. Knowledge of the applications, advantages, and disadvantages of CEUS provides the framework for nephrologists to make informed decisions regarding this emerging imaging test in appropriate circumstances. This review focuses on the use of CEUS for the characterization of indeterminate kidney lesions and summarizes the most recent data, some of which specifically includes patients with chronic kidney disease (CKD). The results demonstrate that CEUS has high sensitivity and moderate specificity for detecting malignancy in indeterminate kidney lesions among individuals with and without CKD. In conclusion, CEUS is an emerging imaging technique that may have clinically useful applications for detecting malignant kidney lesions, specifically in patients with CKD. However, most of the current data come from small, single-center studies, and larger, multicenter studies are needed.
Introduction
New imaging technologies capable of characterizing kidney anatomy and physiology have recently garnered increased attention as potential innovative diagnostic tools for nephrologists. Advances in ultrasound, an imaging technique known for its safety profile, low cost, patient tolerability, and bedside accessibility, are particularly promising. One such advance is contrast enhanced ultrasound (CEUS). Evaluation of the malignant potential of kidney lesions is currently the most common kidney-related clinical application of CEUS. As CEUS becomes more widely available, it is important that nephrologists understand its capabilities, advantages, and disadvantages. This review provides the practicing nephrologist with a basic understanding of CEUS and its potential clinical applications, particularly for the evaluation of kidney lesions.
The Problem
Scenarios similar to this case are increasingly common in clinical practice due to increased rates of detection of kidney lesions on imaging tests. A couple of overt factors contribute to this phenomenon. First, the prevalence of acquired cystic kidney disease and cystic RCC is greater in patients with CKD than in those without. This is evidence by a more than twofold increase in the incidence of RCC in patients with GFR <30 mL/min/1.73 m 2 compared to those with GFR of 60-89 mL/min/1.73 m 2 [1] . Nephrologists often utilize kidney ultrasound to rule out obstruction as the cause of acute kidney injury [2] and for guidance during kidney biopsy [3] , leading to detection of incidental findings. Second, an increasing number of transplant programs use yearly native and transplant kidney ultrasounds to screen for new lesions [4, 5] . Contrasted imaging is often the next step in the work-up of an incidentally detected indeterminate or complex kidney lesion, but many patients with transplants with or without CKD have contraindications to contrast agents.
The risk of contrast-induced nephropathy from iodinated contrast agent exposure has been documented for decades. While recent data suggest that the risk of contrast-induced nephropathy is not as great as initially suspected in patients with mild CKD [6] [7] [8] , most clinicians avoid iodinated contrast in patients with later stages of CKD (GFR <30 mL/min) and those on dialysis with residual kidney function. Until 2006, MRI with gadolinium-based contrast agent was used in individuals with CKD who could not receive iodinated contrast agents. However, the identification of Nephrogenic Sclerosing Fibrosis, a devastating condition related to the use of gadolinium-based contrast agents in patients with impaired kidney function [9, 10] , led to a reduction of gadolinium exposure in patients with lower GFR essentially eliminating Nephrogenic Sclerosing Fibrosis [11, 12] . More recently, a new entity has emerged, called gadolinium deposition disease [13] [14] [15] . Patients with impaired kidney function are postulated to have greater accumulation of gadolinium in the brain than the general population [16] , but the clinical significance of this finding is unclear. These contraindications to contrast-enhanced CT and MRI are reflected in the 2014 American College of Radiology Appropriateness Criteria, which rank ultrasound with duplex Doppler as the first test for "indeterminate renal mass" among individuals with kidney insufficiency. MRI and CT with contrast are described as "usually not appropriate" [17] .
GFR is not the only consideration when choosing an appropriate imaging study. MRI is contraindicated in patients with metal implants and can be challenging in children, obese patients, and patients with claustrophobia. CT involves radiation exposure, and allergies to iodinated contrast agents are relatively common [18] . Despite these drawbacks, both MRI and CT provide cross-sectional imaging, making it possible for detecting metastases and imaging of multiple organs. Ultrasound, on the other hand, is generally well tolerated, has no associated radiation exposure, and is substantially lower in cost than CT or MRI but only allows for imaging of a single organ at a time. Additionally, ultrasound is also highly operator dependent, requiring experienced sonographers. Considering these imaging advantages and disadvantages, ultrasound is often the initial kidney imaging modality used by nephrologists.
Contrast-Enhanced Ultrasound: A Potential Solution

Contrast Agent
Lack of information about enhancement characteristics is another critical drawback of standard B-mode ultrasound. Duplex Doppler ultrasound imaging, when added to standard B-mode ultrasound, allows for the detection of blood flow but is not sensitive to slower flow in small vessels. However, in the 1980s, the introduction of ultrasound contrast agents, which consist of microbubbles, addressed this deficiency and paved the way for modern CEUS imaging.
Microbubbles consist of a high molecular weight gas core surrounded by a lipid or albumin shell and have evolved over the years to be more persistent in the circulation, allowing for longer imaging times. The distinct advantage of microbubble contrast agents over CT and MRI contrast agents is their safety profile, particularly for patients with kidney disease. Microbubbles have no known kidney adverse effects. The drug is well tolerated with the majority of adverse effects being transient, while it is still in circulation, and not requiring medical treatment [19] . The most serious risk is a true allergic reaction to the gas in the microbubbles, which has been reported in a small number of patients (0.006-0.009%) [19, 20] .
The Evolution of Safety Issues Related to Microbubbles and CEUS
While the overall safety of microbubble contrast agents is now more generally accepted, this has not always been the case. The earliest data on microbubble safety come from the field of cardiology, the specialists with the most experience with CEUS. The controversial contraindications to ultrasound contrast agents are primarily among individuals with cardiopulmonary disease states. One study of individuals with cardiopulmonary disease reported 4 deaths that were temporally related but not clearly attributable to contrast agent injection [21] , leading to the institution of an FDA black box warning in 2007. The black box warning listed cardiopulmonary disease states as contraindications to the use of CEUS and instituted a 30-min monitoring period after the administration of injection for all individuals [21] .
CEUS usage dropped significantly following the issue of this black box warning, prompting the publication of numerous subsequent reports and studies demonstrating CEUS safety and efficacy [22, 23] . In response, FDA revised product labels in late 2008 and changed the contraindications to warnings and removed the mandatory 30-min monitoring period for all patients except those with pulmonary hypertension and unstable cardiopulmonary conditions. Further investigations into safety were conducted, including one retrospective review of over 15,000 propensity matched critically ill patients [24] . In 2011, FDA removed the 30-min monitoring period among patients with pulmonary hypertension and unstable cardiopulmonary conditions and modified the black box warning to state that severe reactions occur uncommonly.
Since that time, safety studies have focused on microbubble use in specific disease populations, including individuals with pulmonary hypertension [25] and right-toleft intracardiac shunts [26] and in specific imaging modalities (resting and stress echocardiograms) [27] . The low rate of serious adverse events has remained consistent in these subsequent studies. Currently, the only contraindication listed on the package inserts for the contrast agentsLumason, Definity, and Optison -is known hypersensitivity to any of the contrast agent contents. The FDA removed the cardiac shunt contraindication for all 3 US-marketed agents by early 2017. All agents maintain a black box warning of the uncommon occurrence of serious cardiopulmonary reactions necessitating the availability of resuscitation equipment and trained personnel on site.
Specific safety issues related to kidney CEUS have also been examined in animal studies. Preclinical studies in rat and pig kidneys suggest potential risks of injury from CEUS based on histologic findings of glomerular capillary hemor- rhage, surface bruising, and microhematuria [28] [29] [30] . However, contrast dose, mechanical index (MI) settings, frequency of ultrasound pulse, and total exposure used in these studies were much higher than those used in clinical applications (Table 1) . For this reason, limits on maximal MI and total contrast dose are placed on clinical CEUS imaging. The potential for clinically significant bioeffects should be periodically reevaluated as experience with CEUS increases.
Implementation of CEUS
Determination of the best imaging protocol (contrast agent, method of administration, and type of imaging) varies based on individual radiologist and institutional practices, the clinical scenario and the imaging indication. Contrast agents currently approved for clinical use are summarized in Table 1 [31, 32] . CEUS contrast agents are activated either by shaking or reconstituting a powder in solvent. Intravenous injection is typically performed through a forearm 20-gauge or larger catheter in order to avoid microbubble disruption.
Injection can be either by bolus or by infusion. Bolus dosing uses low MI settings of <0.2 in order to prevent microbubble destruction. Video clips of contrast agent entry into the plane of imaging (wash-in) and exit of contrast agent form the plane of imaging (wash-out) are captured. Depending on the agent, repeat bolus dosings may be administered. Total imaging time typically ranges from 5 to15 min (3-5 min per dose with 5 min between doses). In contrast, infusion dosing requires dilution of the contrast agent before it is injected at a constant rate. This method provides longer actual imaging time (10-15 min), but does not capture wash-out. Because of the longer imaging time, several planes can be imaged using the flash-replenishment technique in which a higher MI (0.8-1.1) brief pulse or flash (≤1 s) destroys the microbubbles in the field, and reperfusion of microbubbles in the imaged plane is captured. This technique raises the possibility of bioeffects when using infusion imaging as described in animal studies [28, 29] . However, the MI levels used in clinical imaging remain well below the levels used in these animal studies.
During both bolus and infusion administration, a dual mode display (B-mode and contrast mode) allows the sonographer to localize the lesion by B-mode and maintain the probe in the correct location during enhancement. Because a low MI setting is used to avoid microbubble destruction, B-mode images in dual mode are of poor quality and used only for localization.
Advantages and disadvantages exist for both the bolus and infusion approaches to contrast administration. Due to the complex nature of contrast agents and indications for imaging, close consultation with the radiologist is an essential step to selecting the best imaging protocol and ultimately obtaining the most optimal diagnostic studies.
Comparison to Other Modalities
CEUS has several other potential advantages over CT and MRI. In contrast to iodinated or gadolinium-based contrast agents, which extravasate out of the vasculature, CEUS microbubbles remain intravascular and therefore reflect tissue perfusion. CEUS is thus more sensitive to enhancement than contrast-enhanced CT or MRI.
Another unique attribute of CEUS is the ability to obtain real-time imaging. The entry and exit of microbubbles into and out of the imaging plane (with bolus dosing) facilitate enhancement of the plane in its entirety, as opposed to contrast-enhanced CT or MRI, which provides images at single snapshots in time. Thus, if a certain phase of enhancement is missed by CT or MR, the diagnosis may be missed. Image enhancement in real time provides a detailed understanding of enhancement characteristics. In the case of indeterminate liver imaging, such real-time imaging helps distinguish between benign liver lesions and hepatocellular carcinoma [33] [34] [35] .
CEUS does have limitations. Like standard ultrasound, CEUS takes single plane images. With infusion dosing, several different planes can be imaged with a single vial. Currently, CEUS-based three-dimensional rendering of whole organs is not available but may become possible in the future with transducer and image-processing advancements. For this reason, CEUS cannot be used to identify metastases or for whole body cross-sectional imaging as can CT or MRI. In addition, consistent CEUS images can be difficult to obtain in patients with large body habitus or who cannot hold their breath. Because of these challenging features, CEUS sonography requires more training and specialized skills than technicians administering MRI or CT.
Approved Indications for CEUS
The World Federation of Ultrasound in Medicine and Biology and European Federation for the Society of Ultrasound in Medicine and Biology Guidelines from 2012 provide recommendations for liver applications of CEUS [36] . The 2011 European Federation for the Society of Ultrasound in Medicine and Biology Guidelines for nonhepatic applications [19] provide recommendations for use of CEUS for non-liver imaging, including the pancreas, gastrointestinal tract, and genitourinary tract. The specific kidney indications include kidney infarct and cortical necrosis, abscesses, characterization of indeterminate lesions when conventional ultrasound is equivocal, determination of surgical strategy for complex cystic masses, follow-up imaging of non-surgical complex masses, and tumor ablation under ultrasound guidance.
In the United States, the use of CEUS is growing. Three ultrasound contrast agents are currently FDA approved for intravenous use (Table 1) : Lumason (Bracco, Milan, Italy), Definity (Lantheus, North Billerica, MA, USA) and Optison (GE Healthcare, Oslo, Norway). All 3 agents are FDA-approved for cardiac imaging for the delineation of the endocardial border in suboptimal echocardiograms. One other agent, Sonazoid (GE Healthcare/Daiichi Sankyo, Oslo, Norway/Tokyo, Japan) is available outside the United States (Table 1 ). The FDA approval of Lumason for imaging of indeterminate liver lesions in April 2016 is likely to lead to a surge of interest in CEUS liver-based programs [37] . In June 2016, The American College of Radiology incorporated CEUS into the Liver Imaging Reporting and Data System, a standardized system for interpreting, reporting, and collecting data for radiologic exams in patients with an indeterminate liver lesion at risk for developing hepatocellular carcinoma [35] .
In the United States, Lumason is also FDA-approved for voiding cystourethrogram, which requires intravesical injection of microbubbles. Utilization of this test by pediatric radiologists is on the rise, as it reduces radiation exposure for children [38] . While CEUS kidney lesion imaging is currently an off-label use, some centers have used CEUS for this indication for over a decade [37] .
Evidence for the Use of CEUS for Lesion Characterization in the Kidney
In our prior published review of studies investigating the accuracy of CEUS for diagnosing kidney lesions, we reported that the overall sensitivity of CEUS for characterization of indeterminate kidney lesions is high and specificity is moderate [29] . These findings are comparable to the accuracy of both contrast-enhanced CT and MRI [39] . Since the publication of that review, additional CEUS studies, several including patients with CKD, have been published [40] [41] [42] [43] [44] [45] and are summarized in Table 2 . In summary, CEUS sensitivity for malignancy was consistently high, ranging from 90 to 100% [39, 42, 43, 45] and was either equal to, or better, than contrast-enhanced CT in studies directly comparing CEUS to contrast-enhanced CT, even among individuals with CKD [43, 44, [46] [47] [48] . CEUS specificity for malignancy ranges from 50 to 99%, with most studies in the 70-99% range, even among individuals with CKD [39, [42] [43] [44] . In one prospective study specifically including patients with CKD, sensitivity was shown to remain high at 90% in individuals with CKD [45] .
Findings from CEUS and CT are most often discordant in cases where CEUS suggests malignancy and CT does not [44] . One reason for this discrepancy is the difference in the ability of CEUS and CT to detect flow in septa and nodules of cystic lesions. Because microbubbles are purely intravascular, CEUS can detect enhancement where contrast-enhanced CT or MRI cannot [42, 46, 49] . This feature of CEUS may partially explain its moderate specificity. For this reason, several studies used a different classification scale [42, 48, 50] than the standard Bosniak criteria originally developed for contrast-enhanced CT. It is plausible that modified Bosniak criteria may improve CEUS specificity, but additional work in this regard is needed.
Another advantage of CEUS is the lack of nephrotoxicity or adverse effects of microbubbles in patients with CKD. This has led to the prevailing belief that CEUS may be a reasonable alternative to contrast CT and MRI when contrast contraincdiations exist, but additional studies should be performed in such populations [40, 41] .
Taken together, the complete body of work suggests that CEUS has potential as an alternative tool for the evaluation of indeterminate kidney lesions, particularly in patients with CKD or other populations with contraindications to contrast-enhanced CT or MRI. However, larger, multicenter studies need to be conducted to prove accuracy in these populations and determine the most appropriate diagnostic criteria.
Indeterminate Kidney Cyst Characterization with CEUS: Clinical Implementation
Use of kidney CEUS for lesion characterization is more widespread in Asia and Europe than in the United States. However, there is growing interest in establishing new CEUS programs at US institutions and elsewhere [37] . Institutions with extensive CEUS experience are offering training programs for radiologists and sonographers that will help radiologists and sonographers to gain up-to-date knowledge on techniques and interpretation. A successful CEUS program is further enhanced when ordering clinicians understand CEUS technology and its capabilities, advantages, and disadvantages, thus increasing the likelihood of its appropriate use.
Other institutional hurdles must be addressed before and during the development of a CEUS program. For example, contrast agents need to be added to the hospital formulary, and many institutions will require a safety review of existing data prior to approval. The pharmacy needs to determine the most appropriate storage plan since pharmacies and ultrasound suites are not always in close proximity. Appropriate billing charges need to be established for radiologist and sonographer compensation.
Potential Future Nephrology Applications
An exciting new frontier in CEUS research is the use of targeted microbubbles in which antibodies are attached to the outer shell of the microbubbles [51] . Tar-DOI: 10.1159/000484635 CKD, chronic kidney disease; conv, conventional; CECT, contrast-enhanced CT; NECT, non-enhanced CT; US, ultrasound; CEUS, contrast-enhanced ultrasound; CE-MRI, contrast-enhanced MRI; sens, sensitivity; spec, specificity; PPV, positive predictive value; NPV, negative predictive value; Acc, accuracy. geted microbubbles are injected intravenously and if they encounter their molecular target during circulation, the bubble will adhere at the site and no longer circulate. Adherence, and thus the presence of the target, is measured by quantifying the persistence of enhancement [51] .
The angiogenic signaling receptor, VEGFR-2, has been investigated as a molecular target in various cancers [52] [53] [54] , particularly as a tool to monitor response to treatment [52, 54] . The endothelial cellular adhesion molecule, P-selectin, was investigated in mice undergoing ischemia reperfusion injury to the kidneys [55] and chemically induced colitis [56] and was shown to produce an increased signal in comparison to nontargeted microbubbles. Similarly, vascular cellular adhesion molecule 1 has been investigated in a rat atherosclerosis model [57] and in mice on a hypercholesterolemic diet [58] ; it demonstrated increased signal intensity when compared to nontargeted microbubbles.
If microbubbles can detect disease by using molecular targets, this attribute can also be used to deliver therapy specifically to these locations, reducing systemic exposure. Examples of therapies include disruption of microbubbles at the disease site to produce cavitation, delivery of chemotherapy to a disease site to reduce systemic side effects, and delivery of gene therapy [51] .
Case Conclusion
The patient with CKD stage 4 and an incidentaloma of undetermined clinical significance underwent CEUS to further characterize the kidney lesion. CEUS showed a cystic lesion with a clearly enhancing, large solid component (Fig. 2) consistent with an RCC. Due to the likelihood of progression to end-stage kidney disease with a partial nephrectomy, and the knowledge that RCC is typically slow-growing with no metastases identified on previous MRI, the patient opted for lesion surveillance with noncontrast MRI. The diagnosis was made without exposure to either iodinated contrast or gadolinium. The patient's stated top priority was to remain off of dialysis as long as possible. Kidney function has remained stable at an eGFR of 20 mL/min/1.73 m 2 one year after the initial diagnosis.
Conclusion
There is growing evidence supporting a role for CEUS in kidney lesion characterization. Existing CEUS data demonstrate high sensitivity and moderate specificity for the detection of malignant kidney lesions. Continued experience, training, and additional research are needed to improve the diagnostic accuracy of CEUS, ensure its safety, and determine the role of CEUS in kidney care. CEUS may be an option for patients in whom avoidance of MRI and CT contrast agents is desired, due to its adverse effect profile and tolerability. As use of CEUS continues to grow, it is important that nephrologists are aware of this technology and have an understanding of its capabilities and applications.
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